I. INTRODUCTION
Although the resistive switching (RS) phenomenon had been known for many years, it was in 2008 when the first fully operational RS device was realized. 1 Materials presenting the RS phenomenon, typically dielectrics, exhibit inner structural modification after an electric field is applied through the two sandwiching electrodes, resulting in controlled changes in resistivity under certain electrical polarities. 2 This novel property allows dielectric materials to act, when embedded in the proper device structure, as resistive random-access memory (RRAM) devices that operate between at least two well-defined states, thus performing as digital memories. 3 Indeed, the occurrence of RS between two well-defined resistance states is widely accepted to be caused by the formation of a conductive filament (CF) across the dielectric material which, according to the most established models, takes place via either the atomic diffusion from the metallic electrodes toward the dielectric (electrochemical metallization, ECM) 4 or the generation of oxygen vacancies due to oxygen atom diffusion from the oxide-based dielectric toward the electrodes (valence change mechanism, VCM). 5, 6 The cyclic generation and destruction of the CF has been investigated in a wealth of dielectric and semiconductor materials, aiming not only at the full understanding of the fundamental properties of the RS phenomenon but also at the determination of the optimum conditions for long-lasting performance (that is, improved properties of a RRAM device). 7, 8 Heterogeneous materials such as Si suboxides are of high interest, since they are compatible with current electronic technologies. Within this context, previous works have been led by the group of Kenyon by employing a TiN/SiO x /TiN structure devoted to understanding the role of the dielectric/electrode interfaces in the CF formation and destruction processes, 9, 10 and to demonstrate that the presence of Si nanoinclusions might as well contribute to the switching operation of the dielectric layer. 11 The improved electronic properties yielded by nanostructured silicon in comparison to its bulk counterpart have led, during the last few decades, to the in-depth investigation of their underlying fundaments, in order to optimize their performance to be applied in the electronics and optoelectronics fields. In particular, the quantum confinement effect, that is, the spatial confinement of the carrier wavefunctions within the nanostructure, induces the relaxation of the band-to-band transition selection rules as well as an increase of the Si bandgap energy that can be controlled by decreasing the particle size. 12, 13 Within the whole range of Si nanostructures, matrix-embedded Si nanocrystals have provided, thanks to their versatility and robustness, a model platform for examining the structural, optical, and electrical properties of semiconductors at the nanoscale level. Several works have been published that pursued the determination of the physical mechanisms governing the optical [14] [15] [16] and electrical [17] [18] [19] performance of SiO 2 -embedded Si NCs, aiming at their applications as an active emitting layer in light-emitting diode (LED) structures. [20] [21] [22] Indeed, it is the sizedependence of the Si NC properties what makes this material system of great interest and, consequently, the adequate control of NCs size and shape has focused much effort. Within this context, arranging the NCs along multilayers (MLs) has led to excellent control by depositing nanometer-thin Si-rich oxide (SiO x ) layers between stoichiometric SiO 2 barriers, the latter efficiently limiting the Si excess diffusion from the SiO x layers during the postdeposition high-temperature annealing. The final process induces the precipitation and crystallization of the Si excess into ordered arrays of Si NC superlattices. 23, 24 Recently, new attempts on semiconductor and electronics industries to be adapted to the needs of the field of photonics, aiming at fast light-based and material-free interconnections, constitute the development of the novel concept of "optical memristor" as a requisite for the future in RRAM industry. The ability to optically write or read (or both) the resistance state in a RS memory will increase the overall device operation speed and provide a direct signal conversion, while making this new technology fully-compatible with the photonic integrated circuits (PICs). Although not fully exploited, some reports on the optical memristor field exist. Mehonic et al. published on the effect of light writing of SiO x -based RRAM devices, the generated photoconductivity inducing permanent state switching until light incidence was stopped, thus demonstrating the possibility of achieving light-triggered resistance switching. 25 Furthermore, the group of Leuthold has worked on optically-read electrically-written memristors within a waveguide (WG) structure, where surface plasmon polariton generation at the interface between amorphous Si and the active WG material (Si) led to different optical losses (and thus different readout) of the light beam through the WG. 26 Another functionality which has not yet been fully explored is electroluminescence (EL), i.e., an active optical response to electrical stimuli in each resistance state after electrical writing. This occurrence has the advantage of having the electrical and optical source integrated within the same device, 27 instead of requiring external laser sources for writing (light-triggered RRAM devices) 25 or reading (through WG structure). 26, 28, 29 Recent studies have reported on structures containing Si NCs/SiO 2 MLs as an active memristive layer, where not only the RS properties of Si NC MLs were inspected but also the role played by the number of Si NC/SiO 2 bilayers on the CF formation was addressed. 30 Given these demonstrations and their well-known EL properties, Si NC MLs become a great active layer candidate to develop "electroluminescent memristors." Electroluminescence in Si NCs, be it governed by either bipolar carrier injection 31, 32 or impact excitation, 33, 34 can be strongly influenced by the formation of a CF through the nanostructures, which, in turn, may serve as a distinguishable signature between both resistance states. It is this different EL emission at each resistance state which can be exploited in PICs as an indicator of the device memory state, and its modulation paves the way to novel integrated optical RS devices for photonic applications.
In this work, we demonstrate ZnO/Si NCs-based devices as electroluminescent RRAM devices. For this, we embedded Si NC MLs as the dielectric material (I) into a metal-insulator-semiconductor (MIS) device design, where intrinsically n-type ZnO (M) serves as a top transparent conductive oxide (TCO), and p-type Si is employed as the substrate (S). Herein, we show that not only EL emission can be achieved in a controlled way from this MIS device system but also Si NCs provide a characteristic EL signal that allows distinguishing the resistance state of the device, desirable for optical resistance switching applications.
II. EXPERIMENTAL DETAILS
Devices consisting of a MIS structure have been fabricated using Si NCs/SiO 2 MLs on top of a Si substrate, with a ZnO electrode as top transparent contact, 35 as sketched in Fig. 1(a) . Plasma-enhanced chemical vapor deposition (PECVD) was the selected technique to deposit five Si-rich oxynitride (SRON)/ SiO 2 bilayers on top of a p-type Si substrate, with nominal layer thicknesses of 4.5 nm and 1 nm, respectively, following the superlattice approach. 24 The stoichiometry of the SRON layer was held constant at SiO 0.93 N 0.23 , which corresponds to a Si excess of [Si] exc = 17 at. %. An additional 2-nm-thin Si 3 N 4 sublayer was inserted between the substrate and the first SRON sublayer, which was found to promote electron injection in inversion conditions due to the contained fixed positive charges as a consequence of its defective nature. 35, 36 The ML samples underwent an annealing treatment at 1150°C for 1 h under N 2 ambient in a quartz tube furnace, to promote the precipitation and crystallization of the Si excess within the SRON layers in the form of Si NCs. The material fabrication process was completed by passivating the samples with H 2 at 450°C, in order to get rid of undesired dangling bonds. For more details on the ML deposition, the reader is kindly directed to Ref. 37 .
A direct observation of the sample structure was done via energy-filtered transmission electron microscopy (EFTEM), using a JEOL 2010F instrument (field emission gun operating at 200 keV). To perform EFTEM, the instrument was equipped with a Gatan Image Filter (with a resolution of 0.8 eV), which allowed filtering the signal around the Si plasmon energy (E Si ∼ 17 eV). Prior to the TEM inspection, the samples were prepared by mechanical flat polishing and final low angle Ar + -ion milling. As it can be observed in Fig. 1(b) , the real thickness of the final structure, measured by EFTEM, is in good agreement with the nominal thickness of ∼30 nm. The image also confirms that the Si NCs layers are clearly separated in the pristine state of the sample, with no percolation through them whatsoever (previous studies have shown that percolation appears for silicon excess above [Si] exc = 38-44 at. % 38, 39 ).
Aiming at the electroluminescence performance of the devices, ZnO (intrinsically n-type) was employed as top TCO (resistivity of 0.1 Ω cm and ∼75% transparency throughout the whole visible spectrum), 40, 41 which was deposited on top of the MLs by means of atomic layer deposition (ALD) and afterwards photolithography-patterned to achieve 500-μm-diameter circular contacts (total device area of ∼2 × 10 −3 cm 2 ). Finally, for the back contact, the Si substrate was full-area Al metallized via evaporation. Further details on the preparation of analogous devices can be found elsewhere. 35, 37 For the electrical characterization, the devices were loaded into a Cascade Microtech Summit 11000 probe station, properly screened from external electromagnetic noise by means of a Faraday cage. The current-voltage [I(V)] characteristics were performed using an Agilent B1500 semiconductor device analyzer. Finally, EL spectra were acquired via a Princeton Instruments LN 2 -cooled CCD coupled to a monochromator (400-1100 nm range).
III. RESULTS

A. RS cycle characterization
To attain knowledge on the RS behavior of Si NC MLs, the devices were submitted to full I(V) cycles, the voltage being applied at the ZnO top electrode, as shown in Fig. 1(a) . In particular, Fig. 2 displays a representative set of ten I(V) cycles out of one of the several device structures measured, using 50 mV steps. Indeed, the curves exhibit easily-identifiable bipolar resistive switching characteristics, which are described as follows: (1) a first sweep to positive voltages (V > 0) on the pristine device structure (red curve) results in monotonous current increase until V = 9.5 V, (2) at which a sudden increase in current takes place. This process is known as "electroforming," and it is typically ascribed to the first formation of CFs through the dielectric layer. 5 Anticipating the electroforming process, we set the current compliance (CC) at 100 μA, which was found to be the most adequate one to allow the CF formation while avoiding permanent damage to the device. This electroforming process was found to be very stable in all the measured devices, always occurring at a voltage of (5) This is called the "Reset" process, and it is attributed in the literature to the partial destruction of the CF. 2, 42 Afterwards, the device lays within the high resistance state (HRS). (6) Again, the backwards voltage sweep down to V = 0 V induces no modification of the resistive state of the device. (7) Last, following a positive voltage sweep, (8) the switch from HRS to LRS can be achieved through the recovery of the CF due to their reduction in the Set process, induced in our device beyond V = 8 V. Note that the HRS is more conductive than the pristine state (hence the term "partial" is used for the destruction of the CF in the Reset process). 5 Overall, the various RS cycles recorded showed Set and Reset voltage values spanning from 7 V to 10 V and from -6 V to -9 V, respectively, which states a nearly symmetric performance with a relatively low dispersion. This, added to the 2 orders of magnitude in the current difference between LRS and HRS at a read voltage of V read = -4 V (where conduction mechanisms are well stablished in both resistance states), makes this device structure a good candidate for controlled RS cycling, 3 where future improvements can be developed to reduce the voltage ranges of operation and the requirement of a CC. Finally, it must also be mentioned that, after multiple cycles, we have detected an increasing current level for the HRS both in negative and positive polarization, which can be related to the low overall endurance of the analyzed devices. No other trends have been observed neither in the LRS current levels nor in the Set and Reset voltages. Therefore, this occurrence indicates that the failure of the devices, always taking place in the form of an almost permanent LRS, could be attributed to the formation of CFs with lower reoxidation state after every new cycle.
B. Electroluminescence emission
The well-known EL properties of SiO 2 -embedded Si NCs make this material an adequate research platform to study the effect of the RS phenomenon on the light emission properties of the structure under study. In order to simultaneously characterize both properties that the active layer exhibits, device structures were submitted to the electroforming process and additional RS cycles following the process previously described in Sec. III A. The characterization of the EL emission was then performed by having each device in one of the two stable states (LRS and HRS) and applying a constant voltage while both monitoring the current (to check that the resistance state under study is maintained throughout the measurement of the emission) and acquiring the emitted EL spectra. The voltage range analyzed was selected to include the Set and Reset processes previously observed in the electrical characterization and employing a voltage step of 1 V, resulting in respective ranges for HRS and LRS of -8 V to 8 V and -6 V to 7 V. It must be mentioned here that no clear dependence was found between the number of cycles applied and emission intensity.
In Figs. 3(a) and 3(b) , all the spectra collected for one device in both resistance states (HRS and LRS, respectively) are shown, stating a clear difference in emission between the states and a dependence with the voltage applied. In terms of polarity, the structure shows no relevant emission when in substrate inversion conditions (V > 0) in LRS. In any other case, when increasing the voltage applied to the structure, the EL also shows a monotonous increase in intensity. Regarding the wavelength dependence of the EL, each state presents a clearly different spectral line shape, whereas HRS shows a peak-like feature, a broad band appears at high applied voltages in LRS, under substrate accumulation (V < 0) regime. This already indicates that EL from the device, strongly dependent on the resistance state, might arise from different luminescent centers. A more in-depth characterization of the resulting luminescence was performed for the EL spectra acquired for each resistance state both in the inversion [ Fig. 3(c) ] and accumulation [ Fig. 3(d) ] regimes, being the EL optical output read, respectively, at V read = 7 V and V read = -6 V. It is important to note that the EL spectra are reproducible when acquired at the mentioned V read during several performed RS cycles and in different devices; this essentially means not only that the EL properties hereby shown do have a real sample-related origin (i.e., not related to artefacts), but also that RS cyclability, i.e., stable process reproducibility (see Fig. 2 ), is also extended to the EL domain.
As already mentioned above, Fig. 3 evidences distinct EL spectral line shape at different resistance states and applied polarities. On the one hand, the inversion regime exhibits, as it can be seen in Fig. 3(c) , a clear EL emission, centered around 900 nm, only when the device is in the HRS. This emission is ascribed to radiative recombination of quantum-confined excitons within the Si NCs, as it is well established in the literature and has been previously published by some of the authors. [33] [34] [35] 43 The emission band is asymmetric, exhibiting a shoulder at shorter wavelengths (higher energies), which can be ascribed to the excitation of several NC size populations. Nevertheless, considering the overall peak position around ∼900 nm (∼1.38 eV), we can estimate a dominant NC mean size of ∼4 nm, as confirmed by TEM studies and previously reported for equivalent structures. 37, 44, 45 On the other hand, different EL spectrum line shapes can be found in substrate accumulation conditions, where emission is detected only in the LRS, as observed in Fig. 3(d) . The clear broadband emission, from 500 to 1100 nm, resulting in LRS has been deconvolved, in the energy domain, into two Gaussian contributions: a lower energy contribution centered at ∼930 nm (∼1.33 eV, red dotted line) and a broader and higher-energy band around ∼730 nm (∼1.70 eV, magenta dashed line). After immediate comparison to the inversion regime, the lower-energy band can be attributed to quantum-confined emission from the main NC size population; in contrast, the most plausible origin for the higher-energy band is the emission of deeplevel radiative defects within the top ZnO electrode, typically Journal of Applied Physics ARTICLE scitation.org/journal/jap donor-acceptor pairs generated at O vacancies and/or Zn insterstitials, 46 as was recently reported in an analogous structure. 43 From a technological point of view, RS-dependent EL emission means that a controlled direct transduction of the signal output is produced and, therefore, it can be employed for faster and more efficient communication between components in PICs. Therefore, to be employed in this kind of circuits, the signal would have to be detected by a different component of the PIC, which should be able to distinguish between a light-emitting state and a non-emitting one (if using binary logic). In a device structure such as the one we propose here, the operation regime can be described by the integrated EL emission observed in Fig. 4 (obtained after integrating the EL spectra plotted in Fig. 3 ), by selecting a reading voltage that yields a large enough difference between the states. By analyzing both polarities in the graph, a good reading voltage may be selected for a maximum difference in emission between states at 8 V (inversion regime). Nevertheless, this reading voltage lays well within the Set voltage range, thus implying a conflict in case the device suddenly changes its resistance state. To avoid this, the best voltage value must be kept below (in absolute values) the writing voltage ranges: -6 V to -9 V and 7 V to 10 V, for Reset and Set operations, respectively. After these considerations, the largest possible EL difference is yielded around 6 V, thus making this the best possible reading voltage. Up to this point we have shown how our ZnO/Si NCs-based RS device structures are capable of giving a distinguishable EL emission in different resistance states when employing reading conditions that have been stablished for 6 V, i.e., not forcing the device to a point where an undesired Set or Reset takes place, while keeping strong EL emission. In particular, quantum-confined Si NCs emission dominates in HRS, although these nanostructures exhibit non-negligible EL even in LRS; instead, a broad band extended to the visible, ascribed to the added emission of ZnO defects, is only observed in LRS. Indeed, the demonstration of such difference in emission between both resistance states makes (n) ZnO/Si NC MLs/( p)Si MIS structure a good candidate for the novel field of EL memristors.
IV. DISCUSSION
The results hereby presented demonstrate a relation between the RS behavior and the EL emission of the (n)ZnO/Si NC MLs/( p)Si structures under study. Indeed, it is possible to immediately identify the resistance state of the device only by monitoring its emission after electrical excitation at a particular reading voltage value. Four different emissions can be distinguished according to the resistance state and the electrical applied voltage polarity [see Figs. 3(a) and 3(b)], whose main emission features are summarized in Table I . Please note that the different characteristics of the Si NC-related emission poses a clear progress on the optical reading of the resistance state, by yielding a clearlydistinguishable EL emission. In addition, the selection of ZnO as top transparent electrode is far from unintended, and its luminescent centers extended through the visible range (>500 nm) only in LRS and under accumulation regime serve as complementary fingerprint to that of Si NCs. 43 Going more in depth in this issue, the fact that distinct EL emission is yielded under different resistance states implies that a correlation exists between the structural modification of the layer containing the Si NCs and the electrical excitation of the different luminescent species within the whole system. Therefore, we intend to explain our observations by means of a simple model of the structure under study, as sketched in Fig. 5 . With this aim, we will follow the RS cycle as presented in Fig. 2 .
As observed by EFTEM [ Fig. 1(b) ], after the fabrication process, the matrix-embedded Si NCs are arranged along multilayers due to their confined growth through the superlattice approach. 24 This is the so-called pristine state, and it presents periodical SiO 2 barriers between NCs that strongly influence charge transport. 47, 48 In this state, positively biasing the top electrode (substrate inversion regime) results in the injection of substrate electrons into the dielectric [Pristine, Fig. 5(a) ], giving as a result the emission of Si NCs-related EL. Regarding the possible EL excitation mechanisms, it is still controversial whether bipolar electron-hole injection 31, 32 or hot electron impact 34, 48 dominate NC excitation within ordered MLs. Under these conditions, being the Si substrate p-type, minority carrier (electron) injection from the substrate should be totally quenched, and thus no emission should be observed. Notwithstanding, the thin PECVD-deposited Si 3 N 4 sublayer between substrate and MLs acts as a reservoir of fixed positive charge which, by means of Coulombian attraction, enhances the injection probability of electrons, as recently reported on an analogous device structure. 35 As a result, Si NCs-related emission still takes place; and regarding the excitation mechanisms, hot electron impact is almost certainly the origin of emission, since hole injection from the ZnO electrode can be excluded.
High positive electrical polarity applied at the gate electrode attracts oxygen ions which move toward it, thus generating oxygen vacancies at the Si/SiO 2 interfaces, 49 such as those surrounding Si NCs; therefore, CFs are created through the Si NCs [electroforming, Fig. 5(b) ]. The formation of CFs through the NCs is supported by previous observations, 50 and it creates a highly percolated Si NC network along the vertical direction in which carrier confinement is no longer possible. As a consequence, Si NC-related EL emission in LRS in the present electrical polarity is quenched. Please, note that (although it is difficult to confirm without direct observation) the possibility of the CFs being created entirely through the SiO 2 matrix (and not through the NCs) cannot be ruled out. As well, previous works on Si NCs suggest the existence of a SiO x shell FIG. 4 . Normalized EL emission intensity obtained by integrating the area under the curve of the spectra plotted in Fig. 3 . Both states can be distinguished in accumulation and inversion regimes, but eliminating the Reset and Set voltage ranges, from -6 V to -9 V and from 7 V to 10 V, respectively; the largest difference between states is found at 6 V, making this the optimum reading voltage. Fig. 5(c) ]. In spite of conduction through the CF being dominant in this resistance state, conduction along the rest of the device volume may be enough to excite a relevant population of NCs and thus contribute to EL, as experimentally observed [see Fig. 3(d) ]. As well, electron-hole pairs can be generated within ZnO deep-levels by either direct electron impact or the injection of holes created at the ZnO/MLs interface, as previously reported. 43 In any case, the final result is the excitation of both luminescent species (Si NCs and ZnO defects) and their consequent EL emission. From a macroscopic point of view, the occurrence of emission coming from the ZnO electrode is supported by the observation of bright visible spots (even with the naked eye) on the surface of the device, which results in electrode damaging due to the high current density reached at the contact points between the CF and the ZnO produced during the Reset process, when current reaches a maximum value circulating through the CF; this damage is still observed after device operation. Through repeated visual inspection of the device, no increase of the damaged areas has been observed after it first takes place during the first cycle. Under negative bias, and using high enough voltages, oxygen ions preferentially stored within the ZnO electrode diffuse back into the MLs due to electrical repulsion from the top electrode. As a consequence, oxygen vacancies will be filled and the CF partially reoxidizes next to the ZnO/MLs interface [Reset, Fig. 5(d) ]. 42 In this HRS and maintaining negative bias at the top electrode, electron-hole formation within the NCs takes place (as described above), which induces a clear Si NCs-related EL emission. After positive biasing, substrate inversion occurs, after which the injection of carriers into the MLs is reverted: only electrons are injected from the substrate [ Fig. 5(e) ]. Under the same conditions that applied for the pristine state, Si NC-related emission takes place. At this point, it is relevant to mention that, even when the electrical and EL properties of the pristine and HRS states should be equivalent, the former presents higher conductivity (see Fig. 2 ) and less intense EL under both applied polarities. This is due to the CFs being partially reoxidized after Reset, leaving some oxygen vacancies behind. Part of the injected current in the HRS is leaked through the remnants of the CF which contain non-confined Si NCs, and therefore a weaker EL intensity is expected from the rest of the unaltered Si NCs as only a part of the total current, and thus a lower current density, is circulating through them. A high applied positive polarity induces once more the movement of oxygen ions toward the top electrode. This process forms the CFs again and thus the device returns to the LRS [Set, Fig. 5(f ) ].
Finally, the hereby presented model, which is able to completely describe our observations, is in good agreement with most relevant reports on the topic. Some works have explored the behavior of Si oxides under resistive switching processes and their relation with Si NCs. 11, 30, 50 As well, the interaction of light in RS materials has also been explored, such as the case of light-activation of RS in the work of Mehonic et al. 25 and the reading of the RS state via optical absorption modulation in the work of Emboras et al. 28 Indeed, the occurrence of EL emission following (and thus being a consequence of) the RS cycle of a given dielectric material has been already reported only in few works, some of which include size-unconstrained matrix-embedded Si NCs. 27, 52 Nevertheless, the present work establishes a particular design, fabrication, and polarization method aiming at fully controlling and tuning the optical readout of the resistance state, making this unique combination of material and device structure a strong candidate for the next generation of light-integrating electronics.
V. CONCLUSIONS
In summary, we have explored the RS and EL properties of Si NCs embedded into (n)ZnO/Si NC MLs/( p)Si device structures. It has been observed that the EL emitted at each resistance state (HRS and LRS) exhibits a distinguishable light emission after electrical excitation under both regimes (accumulation and inversion polarities). Of utter importance is not only the employed MIS design but also its particularities: whereas a Si 3 N 4 thin layer between substrate and the MLs enhances the electron injection probability from the substrate and thus electron-hole formation within the NCs, ZnO was employed as top transparent and EL-emitting electrode. The occurrence of additional light-emitting centers within the visible range (ZnO defects) to the well-known NIR Si NCs-related emission has demonstrated to allow for characteristic EL at each resistance state. In addition, the large difference in the EL emitted by the device structures under inversion electrical polarity for each resistance state allows for optically reading the resistance state of the device. As a consequence, the utilization of Si NCs within the present design could be the starting point for a new generation of EL memristors which can be exploited for the integration of photonics and electronics into the same physical location.
